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Tests were conducted to determine the factors influencing the thermal
conductance across the interface between 75S-T6 aluminum-alloy and AISI
TYLW 41-6 statiess-steel structur~ joints. The type of $oints investi-
gated included: bare metal.-to-mtal contact; contact surfaces coated with
zinc-chromate primer; contact surfaces separated by thin foils of good
conductors (sluminum foil and brass shim stock); contact surfaces sepa-
rated by thin sheets of insulation (asbestos); contact surfaces joined
by strength-giving bonds (Redux ad Metlbond); ad riveted joints. Theb
factors investigated were heat flow, temperature drop, temperature level,
and surface condition. Contact pressure was held constant in W the

* work in order to permit a thorough investigation of the other parameters.

The experiments results gave evidence for the foLLowing conclusions:

1. The thermal conduct=ce of the interface Soint increases with
the mean temperature level,
chsnges in heat flow.

2. Thin foils of good
interfaces improve the heat

while it remains approximately constsnt with

conducting materials inserted between the
transfer noticeably.

3. Comnon strength-giving bonding materisls produce joints with
very poor thermal conductance.

4. It appears that across the interface joints none of the three
modes of heat trsnsfer (nsmely metal-to-metsl conduction, air-film con-
duction, and radiation) has w predominance over another. Furthermore,
it can be seen that there is an interdependence among these three mcdes
which has not previously been recognized.

INTRODUCTION

I!eforecalculating thermal stresses in sircraft structures encountered
in the high-s~ed flight regime, it becomes necessary to determine temper-

. ature distributions. The temperatu distribution in complex structures
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depends on, smong other things, the therm&L bond between adJacent struc-
tural parts. Determination of therm&L bond involves essentially an

..

evaluation of the conductance of the ~oint, or the reciprocal quantity
known as thermal contact resistance. It is, therefore, of considerable
importance to establish values of themal. conductance for types of joints

b’

in common use in aircraft structures and to establish lars which govern
conductance acress an interface.

A survey of the literature indicates some introductory work in this
field. Jacobs and Star in reference 1 investigated the thermal conduct-
ance of interface joints between gold, silver, and copper in a vacuum
as a function of pressure at room temperature and at the temperature of
boiling nitrogen. W reference 2, Brunot and Buckland determined the
themal. resistance of ~oints at the interface of laminated and cold-rolled
steel under various contact pressures and surface roughnesses. Zn refer-
ence 3, the thermal resistance of low-carbon steel joints was measured by
Kouwenhwen and Potter at two temperature levels for various pressyres
and surface roughnesses. The temperature drop across the interface was
not a parameter in these tests. Weil.1.sand Ryder in reference 4 present

u

measurements of thermal resistance for dry and oil-filled joints of vsr-
ious materisls as a function of pressure, surface finish, and temperature.
Heat flow and temperature drop were partially investigated as parameters.

u

It was the purpose of.the present experimental study to determine the
effect of certain factors which imfluence thermal conductance across the
interface of structural Joints, including types of joints not heretofore
investigated. The factors included were heat flow, temperature drop,
temperature level, and s-ace condition. Ikspite its importance as a
parsmeter in contact conductance, contact pressure was held constant in
the work reported herein in order to permit a thorough investigation of
other parameters.

—

This investigation, conducted at Syracuse University, was sponsored
by and conducted with the financisl assistance of the National.Advisory

—

Committee for Aeronautics. The authors wishto thank Mr. Joseph G. G@
for his assistance in the develo~nt of test eqpiprrientand procedures
and Mr. Robert Lester for his assistance in conducting the test program.

SYMBOLS

c

h

K

constant in modified Stefsm-Boltzmann law

conductance at interface, Q/At, ~U/(hr) (sq ft)(%’)

thermal conductivity, Btu/(hr)(ft)(OF)
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n,

Q

r

T, t

%n, %

AT, At

x

E

h

v

exponent in modified Stefall-Boltzmsmnlaw

heat flow, Btu/(hr)(sqft)

thermal.resistance of joint, l/h, (hr)(sqft)(°F)/Btu

temperature, % abs (or %) and OF, respective

mean interface temperature, OF abs (or OR) snd ‘F, respectively

temperature drop at interface, OF abs (or ‘R) and ‘F,
respectively

distance in

Constslltin

constant of

absolute or

A general.view of

direction of heat flow, ft

equation (8)

ProPotiiowty

dynamic tiscosity of air, slugs/ft-see

DESCRIPTION OF APPARM’US

the test installation is shown in figure 1, and
the heating assembly and radio-freqmncy coil are shown in a close-up in
figure 2. b both of these figures the insulation and the containers for
the insulation have been removed. IMails of the heating assembly sre
presented in figure 3.

(1)
(2)
(3)
(4)
(5)
(6)

(7)
(8)

apparatus used can be divided into the following groups:

A heat source to furnish the heat input
A heating head at high temperature to serve as a heat reserroir
A “heat meter” to measure the heat flow
A pair of specimens to provide the interfaces to be studied
A cooling head at low temperature
A heat sink or coolant to maintain the coolimg head at low
temperature

bsulation snd heat gusrd
Temperature recording devices and controls

A description of each of the shove items follows:
.

(1) Heat source: An electronic induction heater provided a maximum
output of 15 kilowatts by generating 225 smperes of r-adio-frequencycur-

. rent at 510 to 540 kilocycles. The desired output was regulated by on-
and-off CyC~C Stitching.
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(2) Heating head: The heating-head assembly shown in figwrea k(a)
smd k(b) consists of a heavy stepped cylinder of impure copper with a
stainless-steel plug. This combination furnished the proper resistive
and inductive impedance to load.the heater. The smaller portion of the
copper cylinder which protruded below the heater coil served to minimize
the skin effect in induction heating. The whole assembly provided enough
thermal inertia to steady the heat flow to the specimens as the radio-
frequency heater was switched on and off. The temperature at the lower
end of the heating head was continually recorded by means of a Chromel-
A1.umelthermocouple connected to a recording potentiometer.

(3) Heat meter: The heat meter, or rather the heat-flow meter, con-
sisted of a cylindrical.piece of electrolytically pure copper 3 inches
in dismeter and k inches long inserted between the heating head and the
upper specimen. A number of thermocouples were installed near the top
and the bottom surfaces of the cylinder. These were connected to form
a thermopile which gave the average temperature gradient in the cylinder.
Thermocouples at the center of the cylinder measured the average temper-
ature of the cylinder. The heat flow is computed from the conductivity
of pure copper corresponding to the average temperature amd the obse?wed
temperature gradient.

(4) specimens : The specimens are described in detail under
“Description of Specimens.”

(5) coolm3hed: The cooling head consisted of a copper cyMnder
‘ with a central axial hole snd a number of SW radial holes as shown

in figure 4(c). Z!heradial holes were threaded and could be plugged by
machine screws. The coolant was admitted at the bottom of the cylinder
and flowed upward and outward through tiers of unplugged holes. The
location and the number of holes left open were used as a means of regu-
lating the cooling-head temperature.

(6) coolsuts: The coolants used wert.compressed air and water.
Compressed air was taken from a $X)-psiair line of large capacity smd
regulated by a throttling valve. Water was pumped into the cooling head
by a variable-speed positive-displacementpump, pumping from a constant
head.

(7) Insulation: Except for a portion of the cooling head, the
entire assembly was insulated with diatomaceous eerth as seen in fig-
~ 3. This insulating material.was held in place by a container made
of galvanized iron and asbestos boards. The galvanized iron formed the
lower part of the container which was away from the heating coil. Despite
the distsnce from the coil, the galvanized iron was heated up somewhat
by induction and thus it indirectly served as a guari.to minfmize the
radial heat flow from the specimens and heat meter inside, through the
insulation.

u

.-

.—
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(8) Temperature measuring devices: All.temperatures, except that
of the heating head, were measured by iron-constantsn thermocouples
connected to a self-compensat~ potentio~ter.

TEST PROCEDURE

Theoretical Basis

From the basic Fourier equation, the stea@-state heat flow at my
part of the heat path is givenby

then

or

If the thermal conduct-cc of the interface is defined as

h(At) =K~

/
h=K&At

The thermal resistance is defined as

r 1=—
h

(1)

(2)

(3)

(4)

(5)

The temperature at the boundary of a specimen can be obtained by
extrapolating the temperature-distance relation existing in the interior
of the specimen. The temperature drop across the interface At is thus

determined. In equation (4) the product K $& is the heat flow per unit

area. This can be obtained by measuring the temperature ~adient in the
pure copper and multiplying this gradient by the mesn conductivity of pure
copper.
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Description of Specimens
d

The test specimens which were used to provide the interfaces for
testing were paired 75s-T6 a.lumimm-alloy or AISI Type 416 stainless-
steel blocks 3 inches in dismeter and approximately 1 inch thick. The w

types of joints represented by the specimens included: bsre metsJ--to-
metsl contact; contact surfaces coated with zinc-chrmate primer; contact
surfaces separated by thin foils of good conductors (aluminum foil and
brass SD stock); contact surfaces separated by thin sheets of insula-
tion (asbestos); contact surfaces joined by strength-givingbonds (Redux
snd Metlbond); and riveted joints. The surfaces used in testing were
classified, where pertinent, as to surface roughness as established by
the Brush surface analyzer and as to flatness by cmparison with a
standard surface plate. The specimens with surfaces termed “as received”
were cut out from hot-rolled flat bar stock; the test surfaces were
cleaned but not ground or polished in my way. The swrfaces of all other
spec-ns were ground to the desired surface roughness on a Blanchard
surface grinder. b Joints with bare metsl-to-metal contact the average
surface roughness ranged fra 6 to 120 microinches root mean square.
The average flatness of the interfaces was ~0.0002 inch except for those
tested in the as-received condition. Pertinent info-ti~ about ~ter-
face characteristics, sandwich materials, and riveted specimens is given
in table 1.

Thermocouple Techniqu

Temperatures were determined in the spechens and in the heat meter
by means of iron-constantanthermocouples. Wires of Brown and Sharpe
gsge 30, the small-estwire practicable, wem chosen to minimize the
instrumentation error. After the thermocouple bead was formed by a
special direct-current welder, the length of the thermocouple which was
to lie tithin the specimen was dipped in Glyptal lacq=r to provide pro-

—

tection and insulation. Each thermocouple was then inserted in an
0.0k6-inch-di-ter hole drilled to the proper depth and filled with wet
copper dental cement which when hsrdened served to hold the thermocouple
in place and provide good heat cotiuction._.l?hevarious possible thermo-
couple locations in a pair of specimens (oT_in rivets where appropriate)
are shown in figure 5.

h determining temperature gradients the temperature at a given
transverse section through a specimen or heat meter was found from either

—

a differentially connected thermopile as shown in figure 6(a) or from the
average of individual thermocouples connected as in figure 6(b).

.

Temperatures of the upper and lower specimen interfaces were obtained
by extrapolation of readings of thermocouples (or thermopiles) installed
close to the interface. The extrapol.ationwas made possible by installing =



NACA TN 3167 7

an additional set of thermocouples in the specimens some distance away
frcm the interface to obtain the temperature gradient existing in the
spe*s.

Conduct of Tests

Tbe equipment was assenibledas described above. AU interface.junc-
tions were thoroughly cleaned with alcohol and acetone. T& aluminum
foil was placed between all contact surfaces, except the interfaces to be
tested, to reduce undesirable temperature drops. Heat was then applied
and the specimens were brought up to the maximum temperature to be tested.
!Ihisprocedure was intended to dry the insulation and drive off any vola-
tile material remaining on the interfaces after cleaning or in the thermo-
couple cement. The assembly was then allowed to cool to room temperature.

Despite its importance as a parameter in contact conductance, con-
tact pressure was held constant at approximately 7 psi in all the tests
in order to permit a thorough investigation of the other parameters.

After the prekhdnary heating, the actual test began with a low heat
flow and at a low mean interface temperature level. With air as coolant
flowing at a low rate through the lower tier of holes in the cooling
heal, the specimens were brought up to the desired temperature level
gradually. When the desired temperature was reached the heat input was
reduced to a steady-state heat flow. !lWS was achieved by adjusting the
relative durations of heater-on and heater-off pericds in a 120-second
cycle. The heating-head temperature which was continuously recorded
gave a rough indication of the direction of the necessary adjustment in
the heating cycle for reaching and maintaining a steady-state heat flow.
There was, of course, a time lag between the temperature variation in the
heating head and in the specimen which had to be taken into account.
When a steady state was finally obtained, as evidenced by con~tant tem-
peratures for a reasonable pericd of time, two successive sets of thermo-
couple readings were taken to make sure the steady state was maintained.

Ih achieving a steady state a small adjustment was occasionally found
to be necesssry to bring the temperature drop across the interface within
the desired rsmge. This could be done by adjusting the rate of coolant
flow as well as its passage through the cooling head.

!lkstswith other interface temperatures an% other @erature drops
across the interface were performed in the same manner. The coolant (air
or water), the flow rate of the coolant, and the coolsnt exit passage
location controlled the cooling-head temperature, while the off and on
proportion of the heating cycle controlled the heating-head temperature.
These in turn determined the temperature level-aid the temperature drop
at the interface.
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For a given set of specimens the test results could be reproduced
fairly wen after the specimens had been bro~t up to high temperature
once. ‘1’4iswas true only when the assembly was not disturbed. Rotating

w

the surfaces with respect to each other even slightly produced appreciable
scatter in the results.

—
w

PRECISION Ol?DATA

It is virtually impossible to state in fixed percentages the errors
in the recorded readings, since there could be many sources of error with
varying degrees of influence for different sets of resiiings. It iS,
therefore, appropriate to discuss individually these sources of error snd
their influence on the final results.

The most importeat source of error was in the thermocouple readings
from which, directly or indirectly, all the numerical results were
obtained. When these readings were used to compute either the tempera-
ture drop or the temperature gradient, the absolute errors in individu5Z
temperature readings were of little consequence so long as they were
unifomn in all.thermocouples. When the readings were used to determine
the temperature levels in the heat path, the physical phenomena involved
were not sufficiently sensitive for any normal error in the instruments
to be of consequence. The thermocoupks for any set of specimens were
made of wire from the same lot and read on the ssme potentiometer. On
account of this uniformity in the wire, the sensitivity of the potentiom-
eter becsme the determining factor in the accuracy of the computed temper-
ature gradients. With the length of thermocouple wire used, the sensi-
tivity of the potentiometer is ~0.02 millivolt, or ~2/3° F. By taking
the average of several readings, the maximum error originating in the
potentiometer, and reflected in the temperature drop measured, should be
about +~” F. The si~ificance of this error depended on the magnitude
of the temperature drop.

The second source of error was in the nonparallel heat flow which
could be caused by-(a) heat loss in the radial direction and by (b) non-
uniformities in the heat path. The quality and the thickness of insula-
tion used were such that radial heat loss to the surroundings was
insignificant. Although no measurement was made to determine this loss,
there was evidence for the above assertion in that the metal container
holding the insulation %s only slightly w-to the prolonged touch
except when it was being periodically heated by stray induction field from
the heating coil. The nonuniformity of heat flow is of two origins. The
first is the nonuniformity inherent in the very nature of contact resist-
ance. ‘Thesecond is the disturbance created by the thermocouple inser-
tion. Nothing canbe done with the first. The second can be and was
minimized as previously described in the section “Thermocouple Technique.’t
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The maximmn variation in the readings of thermocouples installed at the
ssme level was about 8° F in aluminum specimens and 15° F in stainl.ess-
steel specimens, and about 3° F in the copper heat meter. Most of the
experiments were carried out with these thermocouples in a differentials
thermopile and, therefore, the variation in readings of the inditidusl
thermocouples at the ssme level was not known. The value that prevailed
was probably much less than the maximmn fi.guresquoted above. It seems
certain, however, that most of the observed variation was due to the
previously discussed nonuniformity of heat flow except perhaps at levels
nesr the cooling head, where the top 2 inches were insulated in the same
manner as the heat meter snd specimens, but the lower part was exposed
snd may cause some irregularities in heat flow at levels just above.
However, the temperatms and thus the temperature gradient along the
heat path were detemined from t~ average readings of several thermo-
couples installed at clifferent points at a given level, and this aver-
S@W Process served to wtiti the simf icance of the unavoidable
nonuniformity.

. Precise measurement of the sxial location of thermocouple beads was
necessary to the calculaticm of temperature gradient. The themnocouple
beads were assumed to be located at the same level as the mouth of them
holes. This assumption involved a slight error as the drilled holes
could not be exactly straight. A few specimens were cut apart sfter the
tests to determine the exact bead locations. It was found that there
was never more thsa 0.01 inch clifference between the level of the bottom
snd the mouth of a hole. This difference was considered to be of little
consequence.

Other sources of error were believed to be insignificant in compar-
ison with those discussed above. These sources included (a) variation
in coolant temperature durimg the period when the temperatures were being
recorded, (b) heating of the specimens due to stray induction field, and
(c) heat loss slong the thermocouple tire.

RESULTS

The results of the tests made to determine the conductance of vsrious
interface configurations are given in table 11. This table records the
temperature drop acress the interface, the quantity of heat flowing, and
the interface conductance for each test configuration (with a given test
number) at a series of mesm interface temperatures.

.
The mean temperature level of the interface ringed from 150° to

500° F in different sets of specimens. Heat flow of approximately 2,000
to 50,000 Btu/(hr)(sq ft) produced temperature drops across the imterface
ranging from a few degrees to about 150° F for bare Joints and those with
good conducting foils and to about 350° F for insulating types of joints.
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The results reported csm be used quantitatively in actual engineering
analysis provided that most of the idealized experimental conditions are “
closely duplicated in an actual design. Otherwise, they serve to indicate
qualitatively the relationship between the amount of heat transfer and the
various pertinent factors in an actual structural joint. #

Typical sets of data from table IIwere”plotted in figure 7 for
three different types of joints in order to show the relationship of
thermal conductance to temperature drop for various mean interface temper-
atures. It may be seen in figure 7 that there is a slight decrease in
interface conductance h with increasing temperature drop At across
the joint. This tendency prevailed everywhere when h was plotted against
At for other sets of specimens. It was assumed that a part of this
decrease was due to heat lossesand an attempt was made to verify this
assumption by repeating several tests with the heat meter beneath the
specimens instead of above the specimens as in figure 3. No satisfactory
conclusion was reached because of the difficulty in maintaining an iden-
tical contact of surfaces while moving the heat meter. Further experi-
mentation is needed to clarify this point since up to now no valid physical ?
explanation has been found for the variation in interface conductance with
temperature drop across the joint. It shoul@ be noted, however, that the .“
conductance of the interface joint remains approximately constant with ii
changes in heat flow (table II).

It may also be seen in figure 7 that the conductance at a joint
increased with mean interface temperature. _This increase, apparent.in
figure 7 for the three typical joints for which the data were plotted,
is clesrly seem from figure 8, which will be discussed in the following
paragraphs.

The joints tested in this program were classified by types and the
complete data for related types of joints were plotted in groups of curves
in the different graphs of figure 8. These graphs represent the primary
body of data in this progrsm as tsken from table II.

The most noticeable feature of all the curves of figure 8 is the
increase of conductance with the increase in the mean interface tempera-
ture. This tendency is reconcilable with theoretical considerations as
is discussed in the following section.

Zhe root-mean-square surface-roughness reading was considered as a
parameter for the ~uminum+ihuninum joints in figure 8(a). other things
being eqwl, it is expected that the smoother the interfaces in contact
the higher will be the conductance. b this connection, it may be remarked
that although root-mean-square reading in i@elf is not an exact criterion .
of roughness it may be considered so when all surfaces are machined in
the same way and hence have similar “wave forms.” This tendency in the
variation of conductance with surface roughness is generally borne out in .
the results obtained. There were a few instances of discrepancies,
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however, which arose frmu the fact that an important factor, the flatness
of the surfaces, was also involved but unaccounted for. For instance it
is seen that as-received surfaces which had the lowest root-mean-square
readings had much poorer conductance thau the machined surfaces with
higher root-mesn-sqwe reaiMmgs, by a margin larger than what msy be
ascribed to the thin oxide scale on the as-received surfaces.

Unfortunately the flatness of a surface csmnot be meaningfully
represented by a numericsl psmameter. Although the maximwn deviation in
the surface fran an ideal plane is some measurement of flatness, it gives
no information concerning the condition of mating. ‘Ihusthe same pair of
surfaces mated in different ways yielded clifferent results (tests 1
and ~); and sometimes su@aces with lower root-mesn-sq-e readings
produced lower conductance values than another pair of surfaces with
slightfi higher root-me--square readings (tests ~ and 6).

It is seen then that there =e three important factors affecting
the character of the contact and thus the conductance of the joint. These
factors are (1) the roughness as measured by root-mean-square readings,
(2) the flatness as measured by the maximum detiatim in the surface
from an ideal plane, and (3) the way ti which the surfaces are mated.
Where the effects of items (2) and (3) are essentially alike the data
of figure 8(a) indicate that the mnootber the interfaces h contact, the
higher will be the conductance.

The conductance data for al.rm.rinum-alminumjoints with various
sandwich materials between the joints are presented in figure 8(b). The
good conductors such as al.w.ninumfoil are seen to give conductance
almost 10 thnes those for the poor conductors such as asbestos, Redux
cement, and Metlbond. What is of greater inferest, however, is that the
almdn.nn-foil sandwich shows as good conductance values as the best plain
aluminum surfaces (as seen in fig. 8(a)) despite the interposition of sn
additional layer of material.and an additional interface. A psrt of the
improved conductivity may be ascribed to the better contact provided by the
thin foil ccmpared with that of so14d blocks.

Data for the riveted aluminum specimens are given in figure 8(c).
For these specimens, the conductance calculated was based on the total
cross-sectional area of the specimens, thst is without subtracting the
rivet area, which accounted for less thsn 1 percent of total area per
rivet. owing to the discontinuity created by the rivet, the heat flow
became nonparallel near the rivet. Therefore, the conductance value
determined csn be considered only a nominal value.

The difference in conductance between the one- and three-rivet
specimens does not seem to be significant, despite the additional heat
paths provided by two more rivets. As noted in the discussion above the
flatness and mating of the surfaces were probably of significance despite
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the similarity in root-mean-square roughness for the one- and three-rivet
specimens. A definitive statement cannot be made at this time since
insufficient data are avsilable.

The behavior of the riveted specimens indicated by curves A and B
of figure 8(c) is also of considerable interest. As this set of speci-
mens was heated to a mesn i.ntetiacetemperature above 400° F an appre-
ciable drop in conductance was noted. Upon reheating, as seen in curve B,
the spec~ns behaved in an entirely different manner, indicating that
new conditions had been established in the joint. Several explanations
may be advanced for this behavior. The most logical of these assumes
that, as the setup was heated and the top specimen expanded more than
the bottom one, the rivet was able to slip in the top specimen while
still clamped in the bottom. Since at the same time the portion of the
rivet at the interface could expand the condition was finally reached
where slight separation of the interface could take place. At this time
the conductance would fall off sharply as obsened (curve A). Upon
cooling the interface, the gap would be closed, but the mating conditions
would not be exactly the sane as before. The set of specimens would then
behave as a new set (curve B). If curve B is extrapolated it is seen to
coincide with curve A at a mean temperature of ~00° F, the highest point
taken in the first heating. This explanation is borne out b~ a study of
temperature distributions within the rivet and specimen, typical ssmples
of which are shown in figures g(a) and $)(b). In these typical ssmples
the temperatures were those recorded before the slippsge took place.

Stainless-steel and stainless-steel-sandwichconductance data are
plotted in figures 8(d) @ 8(e). No additional explanation of these
data is necessary since the observable trends are the same as those pre-
viously discussed in this section for aluminionjoints.

DISCUSSION

The heat transfer across the surfaces in contact may be considered
as consisting of three separate modes: (1) the heat transfer across
points in actual.contact, (2) the heat transfer through the thin air film
by conduction (or by diffusion, to be exact], and (3) the heat transfer
by direct radiation. Various investigators in the past have held dif-
fering opinions about the relative importance of these three modes of
heat transfer. The results of the present experimentation do not seem
to indicate the predomirumce of any single mode.

Weill.sand Ryder stated in reference 4 that, since the conductivity
of metalLic substances is of the order of a thous~ times that of air,
most of the heat transfer must take place ‘throughthe points of contact.
However, according to Helm in reference 5,’for two rigid surfaces the

--.—

—

.—

—

.
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—

—

—
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actual points of contact are few and small. For heat flux to go through
these few points it would have to follow devious paths and the resistance

. along these paths could be higher than the air gap resistance. Thus,
other investigators such as lMler (ref. 6), in discussing heat trans-
mission in strip coil.anneaI.ing,state that approximate~ 98 percent of

* heat flow is by conduction across the gas film. ‘I& results of this
exper~ntation do not seem to su~ort this estimate.

The evidence against the predominance of any particuhr heat-trsnsfer
mechsaism may be presented as follows. H the heat transfer takes place
mainly at the actusl points of contact then the so-called contact resist-
ance is physically fictitious, for the contacts as such are imaginaxy
fragmentary surfaces of no thickness and hence no resistance. The appar-
ent resistance measured is due to a decrease of aversge temperature
gradient at points away frcm the contact surface caused by the resistance
of heat path near the stiace. For a given assembly of specimens the
geometrical pattern of flux lines and eqyipotential lines should not
change with respect to either tem~rature level or flux density except
for a mall vsriation of conductivity of the metal at different tem.ra-

. tures. However, the thermal conductance of the interface, as measured,
showed appreciable increase with the increase of temperature level, as
previously mentioned in connection with fIgure 8.

.
Now this increase of thermal.conductance seems to be qualitatively

compatible with the contention that the transfer of heat takes place
mainly through the air film, since according to kinetic theory of gases
the thermal conductivity of air is proportional to its dynamic viscosity.
For the temperat~ range encountered the dynsmic viscosity of air can

be represented by v = (3.5 + 0.005t) x 10-7 slug/ft-sec. From this it
csn be deduced that

lm_5 %-1 (6)
hd~ 3,500+ 5%

by assuming the mean temperature level to be the meen temperature of the
air film (see a~endix A). The quantity on the left-hand side can be
obtained from the experimental data and checked against the value pre-
dicted by the ecpation. It was found that, in the case of specimens with
flat ground surfaces, the formula gave slightly lower values while for
those with less flat as-received surfaces it gave values two-thirds that
of the experimental results. This disparity csmnot be reconciled with
the belief that the heat transfer took place primarily by conduction
through the air film, for h that case the fozmula should predict the
results more closely in the case of tests with as-received surfaces where

b the contact was poor aud, hence, the air-fil.mconduction was more impor-
tsnt. It should be realized that, while such indirect evidence is not
sufficient to establish constructively any physical law, it does serve to
discredit the validity of certain hypotheses; in this case the hypothesis
is that air-film conduction is predominant.
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The role played by direct radiation is also controversial because
of seemingly conflicting evidence (refs. 2, 3, 4, and 6). If one assumes ●

that the radiation is the only mechanism of heat transfer, then the con-
clusion is that the heat trszmfer should follow roughly the generalized
Stefan-Boltzmannlaw,

with n lying between 4.6 and ~.O (ref. 7). It
the different sets of results in this experimmt

—
*“

(7)

was found, indeed, that
could be represented

-—

rather closely in this fomn (figs. 10(a)-to 10(d)), but the &lue n is
too small to indicate a predominance of heat ~ransfer by direct radia-
tion. The value of n obtained by empirical curve fitting can, however,
very well be some measure of the importance of the direct radiation. A
detailed discussion of this empirical relation is postponed to the end
of tMs section.

*

Up to this point the discussim has been confined to examination of
the possibility of any single mode of heat transfer across the interface
being predominant, and it was pointed out that several of the previously

=—

mentioned investigators had attempted to esthnate the relative resistance
in each of the possible modes. These estti-~s were based upon the
assumption, stated or hpllcit, that the heat transfer by one mode was
independent of the etistence and intensity of the other modes. This
reasoning is perhaps sunmwd up by the suggestion in the discussion fol-
lowing reference 2 that the contact resistance should consist essentially
of three parallel resistances: (1) the contact resistance of the direct
metallic bond, (2) the air-film resistance, and (3) the radiation resist-
ance across the air film. But here again, as in previous estimates,
application of the stated principle did not lead to agreement with data
presented and explanations fell back on speculation as to whether assump-
tions of the relative amounts of heat transferred by each mode were
correct.

In examining the previously mentioned simple analog it becomes
apparent that the mutual independence of the air-film resistance and the
radiation resistance might be assumed but certainly not the independence
of the contaci resistance and other two resistances. A more appropriate
model is therefore shown in figure Il. W this model, the contact
resistance does not exist explicitly. It is embodied only in the topology
of the network. This dependence upon the topology together with the
nonlinear clmracter of the air-film and radiation resistances makes the
separate determination of the resistances unprofitable. %

The phenmenon described above csn slso be deduced from purely
mathematical reasoning. The temperature distribution is governed by the

“
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linear Laplace equation in the solid body and at points of contact and
. by the nonlinear boundary conditions at points where the stiaces are

separated by air film. The problem as a whole is, therefore, nonlinear
smd its solution csmnot be obtained by superposition.

w
One might argue that, if the points of actual contact are evenly

distributed over the surface and the film thiclmess is statistical
uniform, the topological structure of the domain is then more or less
known. Such a distribution, however, is unlikely on rigid surfaces
machined by ordinary means.

As mentioned preciously, by borrowing the equation of radiation and
allowing n to assume lower vslues, equation (7) was found to be a good
empiricsl formula for the over-all heat transfer. The curves in fig-
ures 10(a) to 10(d) were plotted with values of n found by trial ad
error. The values are tabulated as follows:

hterface joint n

Alminum and al.minum (test 5) 3.0

Aluminum and aluminum, as received (test 7} 2.3

Stainless steel smd stainless steel (test 23) 2.0

&b.minum, duminumfoi~, and aluminum (test 9) 1.6

Except for the first case, it is seen that the value of n decreases
with the decreasing hportance of radiation relative to conduction. Vsx-
ious conjectures can be advanced to e@ain the relative order of the
value n found empiric-, but it was felt that there was not enough
experimental evidence to elaborate at this time. It must be remsrked
here that the apparent “good fit” of the points to straight Mnes in
figures 10(a) to 10(d) was to some extent due to the masking effect of
the scale tht had

Algebraically

to-be used in these plots.

equation (7) is equivalent to

h = ncTmn-l(l + c] (8)

where E is less thsn 0.001 (see appendix B for this development).

● Thus the empiricsl relation implies that the thennd conductance h
is a function of meau temperature level only, a fact only approximately
true. A logarithmic plot of h versus Tm is given in figure M. There

.
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is an appreciable scatter in the points. Theoretically, the slope of
the straight lines in figure 12 is eqy.alto n - 1. There is, however,
a difference between the values of n determined by the two different
methods of plotting because, when there is a scatter of points, a curve
best representing a set of points in one plot may not be mathematically
equivalent to that in another plot. In conclusion, it must be emphasized
that this part of the discussion was included as a possible first step
in finding a usable empirical formula for the tkrmal conductance of
surfaces in contact.

—.—

CONCLUSIONS

The following conclusions have been made upon examination of the
experimental results of therms&conductance measurements:

1. The thermal conductance of tk interface joint increases with
the mean temperature level, while it remains approxhately constant with
chsmges in heat flow.

*

2. Thin foils of good conducting materisls inserted between the .
interfaces improve the heat trensfer noticeably.

3. Comnon strength-givingbonding materials produce ~oints with
very poor thermal conductivity.

.—_

k. It appears that across the interface Joints none of the three
modes of heat transfer (namely metal-to-metal conduction, air,-fi~ con- —

duction, and radiation) has any predominance over another. Furthermore,
—

it can be seen that there is an interdependence among these three modes
which has not previously been recognized.

5. The results reported herein canbe used qusmtitativel..yin actual
engineering smalysis provided that most of the idealized experhnentsl
conditions are closely duplicated in em actual design. Otherwise, they
serve to indicate qualitatively the relationship between the amount of

—

heat transfer and the various pertinent factors in an actual structural
joint.

—

Syracuse University,
Syracuse, N. Y., April 8, 1953.

.

.
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APPENDIX A

DERIVATION OF EQUATION (6)

Fromthe data presented graphically in reference 8, the tiscosity-
temperature relationship at atmospheric pressure within the temperature
range encountered in tfis experim&t cm-be expressed by
equation

v = (3.5 + 0.005t) x 10-7 slug/ft-sec

The mean free path of molecules in this temperature

the li&ar

rsmge is a few
microinches. (See ref. 9.) The average fih thickness is estimated to
be several times the mean free path. Thus the law of conduction holds

. approximately, @ for a given pair of surfaces the film conductance is
proportional to the conductivity of the air which in turn is propor-
tional to the viscosity. Eence,

.

h=Av =A(3.5 + o.oo5tm) x 10 -7

where A is the constant of proportionality. The elimination of A
~eads to eqpation (6):

~ ‘F-l
$~=3,5m+5%
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APPENDIX B

DERIVATION OF EQUATION (8)

b equation (7)

q= (Tm+ Lf)n

and

Since N?<< Tm,
converge and

r

,2. = (~ . lx~

the binomial series expansion of the above equation till -

1
3

Q
n-l~+n(n-l)(n-,2)~ Yk3/Yl += 2C dr~

2 3! In ()z-””” 1

or (eq. (8))

“

.
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TABLE I

TESTSC13ElWIEANDIEWRIPTIONOF SPECIMENS

wscri~ion Suzfacerouglmem

?eSt Specimen Flatness,
pin. Average

Specimen sandwich rootmesm
materiel material Sqlare,

peak,

pin.
pin.

1 38 d 39 g-$ None ....... 12ana12 .......
2 34 and 35 None ....... ya nap
3 34 and35

.......
75S:T6 None

4 38 and39
....... 3olma30 .......

75S-T6 None ....... 12anal.2 ....*..
5 25ti26 75S-T6 None t315and360 70 alla100290ana4C0
6 17sna18 75S-T6 None t320and160 6000 22020d~
7 46d47 a75s-T6 None ~w - 355
8 46@i47 b75S-T6 None $%0 ~ 355 6Snd6 6oana70
9 38 & 39 75S-T6 AMlminutnfoil= ....... 12sna12 .......
10 38ana39 75S-T6 AluminumfOUL= ....... 12snd12 .......
xl ~ and39 g-g Brassshims ....... 12and.12 .......
u 38 and39 Zinc-chromate

primer ....... 12aJla12 .......
13 34am135 75S-T6 Metlbond

cement ....... Wandm .......
14 38ma39 75S-T6 Realm

Cemen% ....... 12alla12 .......
15 38 d 39 75s-1116 &bestos

sheete ....... 12sna12 .......
16 4Aa?la45 f75S-T6 None ....... 12ana12 ......*
17 44aT.la45 ‘g75s-~6 None ....... 12&na12 ....*..
18 40 alla41 f75S-T6

f75s-T6
None ....... 12ana12 .......

19 36alla37 None ....... 30mld30
20 42 and43 h75s-T6

.......
none ....... 12ana12 .......

21 ~ and49 Stainlesssteel None ....... 6oazld20 250e.na60
22 48 and49 Stai3ile8ssteel None ....... 6os@20 25uana60
25 52 d 53 Stdnlesssteel None ....... 42 and45 145and200
24 54Q55 stainlesssteel None ....... 4osnd30 U30and120
25 y)~~l Stainlesssteel None t150~ 185 120snd loo4oQana 450
26 48eIla49Stainlesssteela:a:lll~c i75and75 6oana20 250Enla60
27 48 and49 Stainlesssteel *75 - 75 6oana2Cl 250and60

au ~cefved j ~s~b~d tithgrainsP~~el”

bAs received;assembled with grains crossed.

%hiCkness of aluminum foil, 0.0008 in.

%clmess of brasssti, 0.0310in.
‘TIKLCkneSS of asbestos sheet, 0.010 in.

‘One rivet.

%pecmns reheatedaftertest16.

hee rivets.
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,..
TAmE II

TFsTFcE2mmoIimEHukLcoNmc%?ANcEmA2ummm

~ ~ ~ B,
Bhl/(hr’k ft) Btu/(hr)?sqft)(%’) ~ 9!? Btu/(hr!tsqft) Btu/(br)~qft)(%’)

201.0
201.0
200.2
197.5
2k8.8
2X.2
2k9.7
2@.3
m.3
y31.5
298.8
303.8
3!%3
3M.7
352.0
352.2
401.5
3*.5
402.3
4’m.2
kk9.2
449.8
4’47.5
447.7

199.2
202.5
198.3
203.2
251.8
2%.3
252.0
~.8
%.3
%3.5
p3.o
302.2
352.0
33.3
~~.;

398:0
402:2
W&

k~:8
4%5
452.7
kk9.2

a13.o
200.2
202.0
299.0
W.3
500.2
401.5
402.2
=9.2

7.8
SL.2
14.0
21.o

E:;
15.6
19.8
9.1
L2.3
20.0
28.0
u2.6
17.0
23.1
27.8
14.8
22.4
25.9
$.;

26;0
32.5
41.8

10.6
lk.o
18.2
2L.1
6.~
KL.2
17.3
24.3
8.0
3.2.1
XI.9
27.8

1;:?
25.8
30.8

g::
22.5

%
lag
26.6
35.0

4.6
7.3

u’
IL3
15.1
1o.2
19.4
29.9

Ted!1 Teat4

8,m

z%
20,y13
q 400
13,6W
16,TCKI
20,m
10,7CO
14,m
22,~
Z,m

Z:E
Z?7,4’WI
33,~
18,6ca
28,1CxI
32,m
40,6co
23,w
33,b
40,1CKI
49>m

10.5x $
1o.1
I.o.l

2:;
log
1o.7
1.o.6
11.8
u.6
u.k
11.1
12.o
12.o

::;
E.6
1.2.5
1.2.5
XL.8
12.9
12.9
12.4
11.8

mst2

a%
16,*
I.p&O

n:m
17,2UI
23,700
g,mo
13,Km
Zz,loo
29,m
n, m
22,203
29,1C@
34,&Q
L5,XX3
22,400
28,1(XI
53,SQ0
15,S0.3
24,W3
34,020
45,W

9.5x I&
8.9
9.1
g.1
1o.3
10.6

;:;
li.3
ID.9
1o.5
10.5
IL6
ILk
11..3
lL3
12.4
1.2.7
12.5
IZL6
U.5
=.1
1.2.8
13.1

!&St3

3,&o
6,1cm)

2E
10,503
14,4m
10,600
16,3w
22,m

:.; x

8:5
9.9
9.6
9.6
1o.4
8A
7.9

xll.2
19.3
200.2
233.5

%$:;
249.7
2k9.3
.38.3
s8.7
yXJ.o
5m.8
352.0
249.0
3%.0
351.3
400.3

%?:;
395.0
450.8
447.3
449.3
4-48.5

U.7
14.7
16.7
19.4
15.1
g.:

25:k
1.6.8
2k.3
q.o
30.4
20.1
23.5

“%
a-.6
25.7
9.7
39.9
ZI..9
27.6
33.5.
37.5

199.8
199.5
200.5
202.7
249.5
2k6.5
2k6.5
253.3
297.5
295.5
298.3
298.0
350.8
353.0
3X.3
g7.;

39612
398.8
401.3
44a.5
451.2
lmO.5
k50.T

8,000
10,400
13,600
15,m
U, Oxl
14,6C0
Ig,4m
25,m
l&&3

$?4,800

?!’!%
A-m
i?l;gm
34,m
19,m
ti,.m
n, 890
39,m
Ln.,-po
28,2CKI
33,=
38,600

6.9
13.5
20.2
25.7
1o.5
17.6
24.3
2g.o
14.6
21.7
28.4
35.5
12.8
lag
25.6
33.3
18.6
24.8

met 6

9?%s%5

5,cixl
8,&0
Ii?,ylo
15,m

w%
l% m
la,mo
IL,500
ti,om
19,6(X3
23,-po
u.,009
15,ym
20>coo
23,830
15,m
q m
$~

17,m
27’,4m

F
,3CQ
5,mo

6.9X +
7.1
8.I.
8.2

;:2
8.6
9.9
7.9
7.8
9.2
9.1
7.4
UL.2
8.3
9.5
8.9
1o.2
9.1
9.9
9.9
1o.2
9.9
1.o.3

7.2x m2
6.5
6.1
6.0
7.5
:.$

6:3
7.9
g;

.

::;
8.1
7.8
7.2

%;
7.9
7-.4
10.1
9.3
8.7
8.7

1
ZQ2.8 13.1
197.7 19.6
198.5 24.4
200.5 28.2
254.7 17.1
250.0 27.4
249.5 33.4
2k7.3 43.1
301.7 24.1
g2.; $.;

. .

.3.2X lf$’
4.9

:::
5.5

;::
5.0
5.7
5.6
5.823;m
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TABLEII - cantinued

!lMTSEsIJms ONT2EmfAL-mNmcr!ANcEMw2mRmm

~ $ % $>
Btu/(hr%qft) Btu/(hr)?sqft)(%) OF B-tu/(hr%qft) Btu/(hr)&ft)(%)

Test6 - GOntiuued Test9 - Ccattnue.d

301.7 47.4 26,503 “ 5.7x 102 $99.715.0 ti,400
3*.2 27.6 17,m 6.4

IL.3x 102
300.5 17.9 19,m K1..l

349.2 35.9 z?,100
%?

300.7 23.4 K1..l
349.5 44.1 26,603 350.3 ~.3 %?% n.8
350.0 52.k
400.0 29.6

30,%Q 348.2 1>.4 18,500
R

12.o
352.8 18.2 Z&ow 12.o

Mm.o 35.9 2% 6.76 352.0 25.0 28,m
399.7 44.7 28,930 401.3 10.6 13,400

%
M

400.7 53.2 *,&o 396.7 15.3 q* U2.4
450.5 27.5 m, -m 7.53 398.5 20.0 24,830 M?.4
4%3 35.1 25,m ‘-
452.3 44.3

7.%
7.47

447.7 58.8 WE 7.07 Test10

T&E-t7 ZQ1.7

X32.2 18.0 ;.;x MY 201.0 15.8
199.7 26.8

1o,700
k% . 198.3 21.7 15,400 7.1

2m.7 32.3 10,ml 249.5 I.o.o 8,,1m 8.1
201.2 40.6 X2,802 ;::5
248.5 25.1

252.7 13.5 10,m
8,m 3.5 251.0 17.5 14,Cm E

247.334.6 n, 7CQ 3.4 2b8.8 24.2 19,coo
2k8.8 kl.6

7.8
l?hm 3.3.5 500.8 9.8 9,700 9.9

2W.5 47.9 I&m 3.3 296.8 15.0 U,m
~,2 27.4 10,yx) 3.8 y20.7 IB.o M, gco R
301.8 48.8 17,&lo 3.65 299.2 25.6 23,m
259.7 59.2 a, m 3.70 352.2 u..8 E?,m %
298.2 &5.3 30,8CKI‘-” 3.56 350.0 17.0 18,&lo 1.O.9
350.7 33.0 14,m 4.1 *9.8 19.8 22,m Ill
350.0 52.8 21,mo k.w *9.2 26.3 2g,0Xl 11.o
350.8 63.5 25,w 4.00 399.7 15.0 17,yo L2.o
350.3 75.5 W,mo k.ca 398.0 2L.2 24,003 u. 3
401.5 37.6 16,w 4.4 398.0 25.6 Ill
400.3 52.4 22,800 4.35 400.0 38.1 $E 10.9
397.3 63.o 27,400 4.35 451.2 14.8 18,4(xI 32.5
403.0 &%5 35,~ 4.37 43.3 20.9 26,500 12.7
452.0 39.5 18,goo 4.8
449.5 51.5

4%).3 26.1 32,m
24,203 4.69

451.8 61.8
446.8 31.0 38,403 %

27,600 4.47
Testn

!res.t8
KIO.2 7.8 6.6x I.&

159.7 20.7 6,cm 2.9x & 200.5 15.4 ?$%
199.2 29.6 8,390

5.7
2.8 201.3 19.9 u.,.wo

202.2 35.6
5.8

lo,cm 2.8 198.8 29.8 17,100 5.8
200.2 49.1 14,m 2.8 230.7 11.1 7,100
y32.2 31.3 10,~ 3.3 247.0 17.3 10,500 2::
330.3 45.6 14,~ 3.22 250.3ZIL.1 13,600 6.5
301.2 Es 18,000 3.’27 230.356.2 22,403 6.2
301.8 67.4 3.29 302.713.7 9,400 6.9
b03.2 36.3 Z,E 3.8 299.2 22.9 13,703 6.6
398.5 52.6 19,800 3.77 302.2 26.1 17,ym 6.7
s8.5 66.2 25,!XQ 3.% 298.2 39.1 26,alo 6.7
395.7 79.5 30,WJ 3.88 $8.3 16.0 u, m 7.0

349.3 26.3 18,700 7.1
Test9 348.3 36.0 25,m

350.2 49.0 35,4W
X31.2 5.7 5,m 9.8X 102 400.8 18.0 14,000
200.5 9.0 8,w 9.9 399.8 23.0 18,YM

~:~

199.5 11.o 10,500 9.6 400.7 36.9 8.4
199.8 15.0 14,503 9.7 399.7 51.6 ZE 8.1
252.0 7.4 8,m SL.o 450.0 20.2 18,000
2k9.7 I-2.2 12,7m .. 1o.4 @L2 29.7 26,&o ;::
250.714.6 ;J#y& 1o.3 451.3 48.4 42,w 8.9
2U.5 20.0 1o.2
301.7 I.o.o ll;SQo KL.9

.

.

.

.

.

.
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TABIEII-coutiuued

ms9!RFalImsoMmmfmammimNoE mmmMmT2

$ B2
% Btul(baqf%) BtUmlr)(% I%) (%)

198.2

E:;
ZCKI.T
249.8
247.8
247.8

%::

%2
m.7
3X.7
349.0
3X.5
349.8
4CKJ.7
396.5
397.2

g:;

449:5
449.7

IkBt32 !&St1.5

83.8
=3.3
167.3
1%.1
Uq.1
1.62.7
251.9
287.6
228.1
267.6
323.6
343.0

0.61x lo2

:2
;:
g
.n
.n

4.2x
4A
3.61

g

3:78

w
4.4
3.e6
:.?
.

;:2

$ 249.5
Z!51..o
249.0
252.5
348.2
350.0
349.3
3X.9
43.2
.451.5
45L7
447.8

SL9
l.g.o
X.o

1?::

R?
79.4

~:~

9:3
23.6
42.7
69.6
1.o.4
31.4
37.5
55.3

2:;
66.7
E!4.2
a.3

5,0Ca
8,34m
14,0m
M,200
7,m

w%
24,w
9,CKKI
15,503
23,~ .ti

.72z;m
10,m
m, m
2LL

L4>m
17,m
23,403
%,m
15,600
z7,8cil
34,axl
45,4CH3

Test1.6

T
9.0 4,&lo
21.o 9*2Q3
14.0
~.o 12E

ll,6cil
%: 21,LwJ
26.9 14,CYM
50.6 q,lcn
28.9 16,w
56.3 ~ ~m,ooo
35.0
67.6 41:600
37.5 lg,61Xl
-/’go 41,800

iii;
lgg.-(
199.5
25L0
247.2
XJ3.5
2$J7.O
350.5
3W.3

&

&9.2

5.0x *
4.3
5.4
5.1

;:;
5.2

3.40
4.6
4.6
4.2k

:::

4:05
3.n

.

5.37

X6

2::5

;::9

“

!lMt13
I 1

1.12 x
1.03
.99
.91
.94
.9J.
.5Q
.92
.89

:2
.ea

d150.7 35.3
150.5 76.1
152.5 5.5.1
p& ~.;

ml:s 82:7
252.0 86.3
A&j lg.;

w3:2 1o8:o
1.1 198.4

4,CXXI
7,8XI
5,m
5,m
Kl,033
7,XJ
7,TXJ
14,m
MI*MKI
9,000
17,m
L?,603
U.,am
22,400
15,4ca

Tm?.t 17

23.1
24.6
36.9
35.7
47.4
64.8
50.0

7,200 3.1x 10=’
9,QM
12,m ;:LJ
UI,W
18,800 3:97
24,TW 3.82
22,603 4.52

-..

.&

.93

.9
Te9t18

l’== 2.9x
2.7
2.8
2.74
2.9

K?z:;
202.7
199.7
250.3
:$.:

250:0
w.?
297.5
299.7
m.3
345.8
348.3
348.8
347.3

ZJ:

397:3
446.0
445.0

t%

18.3
25.6
42.3
55.4
22.9
39.3
53.0
72.8

$::

&L:2

$::
69.9
g.;

62:6

2:2

z::

%;

5,m
7,cm
M.,900
L5,ZCKI
6,Eao
U,wl
U5,km
a,900
7,93
13,&KJ
19,&m
S*2OO
10>m
17,cm
23,~
32,&m
n, m
a,!%0
2g,200
35,-m
13,gal
20.100

nmt 14

2,an
3,m
k,mo
5,m
5,-m
3,800
6,CCJ0
7,400
9,m
4,400
6,7m
8,w
U_,loo
l~!X&l

8;3cIo
lo,lm
14,(XKI
ti,yX
7,4CKI
g,m
13,m
17,7CQ

152.3 43.2
152.3 47.9
;gl:; g.:

~.7 109:8
202.8 66.0
U9.3 S’5’.3
203.7121.4
2C2.5,154.9
254.5 68.5
251.7 98.7
2&; $4.:

252:3M6:7
305.0 89.2
303.0122.6
=.8 144.0
y32.o195.1
%.0 252.9
349.2U.4.o
353.7M8.2
347.5W.1
354.02~.9

o.~ x 1$
.67
.59
.57

:2

.a

.62

.65

.68

:Z

::
.6-5
.V
.72
.72

3.0
2.98
3.o1

;::
3.1o
3.1o

;:$

3:44

%
3.46
:.?
.

4.I.O
4.01
4.22

.65

.66

.-P

.76

27;s00
37,~
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TABLE II- Conthzed

T&STRE2UKC2OHT2KMM-COKOK5?ANOE~

~ $G
p Btu/(hr??sqft) Btu/(lm)(:qft) (%’)

~ ~,
% Btu/(llr%q f%) s-tu/(br)!& ft)(%)

Test19 Test22 - continued

201.5 30.5 6,7w 2.2x K@ 401.2 l%; lqmo
2W.8 57.2 U?,m 2.14 ko2.3

9.2X I.&
24,8CXJ 1o.4

2.50.739.7 8,700 2.2 450.2 13.2 14>&a 13..2
2h8.3 69.5 1s,%lo 2.29
300.6 46.8

451.0 26.2
U.,100

28,w
2.38

10.8
*.1 14.4 U,090 10.4

298.6 87.0 Zl,m 2.49 498.3 27.4
3%.2 56.6 U*III3

28,5ao
2.66

10.3

348.8 59.2 25,8m 2.61 Test23
35r9.b61.9 16,@J 2.68
397.8KA5 32,YM 2.84
4g.6 6g.E

2m.9 6.9
Zl,cca 2.89

3,700 5.4x 102

447.9lyJ.4
199.1 1o.7

39,8cm 3.05 2E
5.6

2G0.O 1.4.6 5.5
200.> 19.7 lo,&o

fiatm
5.5

249.3
248.2 2:;

5.6
?g%

2c2.o 2L8 4,8a 2.2x KF
5.6

2k8.9 Ig.1 lo,m
2W.S 32.9 2.4

JK’
2s.6 25.2

B7.2 49.8
14,203

2.29
L!

199.3
299.5 M-.2

38.8 13,ylo ;.? ~:j g:; :,: g!15:&o
247.8 y3.o 7,100
250.0 40.2 9,400 2:35
250.2 64.8

3%.6 16.8 6.4
15,4cKl 2.38 3P.2 26.1 w% 6.4

2%.2 m.1 lg,m 2.37
301.8 35.8 8,4cQ 2.3

352.7 32.2 6.3
398.9 ~.3 a%’ 6.8

300.8 54.4 13,m 2.43 398.9 33.1 a,p 6.5
~.o 82.8 23,500 2.4a 449.2 18.4 12,920
301.7 99.2

7.0
24,500 2.4T 448.7 S.O 17,m

352.5 41.6 10,@o 2.50 45L3 33.0 Z?,om $~
350.0 65.2 16,-pJ 2.5-5 448.9 42.6
352.0 87.3 22,1rxl 2.53 20.5
330.5U.3

z% 6:9
29,033 2.% E:: 42.1 a,m 6.5

~8:; E“:
M,&m 2.65
17,lW

40 J.;g::
Test24

fq,mo :%
2.6?

453:0 53:7 w%
2Q3.4 9.6 3,6!33

2.72 ?479.615.3 6,zoo
{::x 102

;g.: &5.; 23,209 2.71 201.0 20.9 9,100 4.3
2.p

446:7155:0 ?;=
2o1.1 25.4 10,700 4.2

2.68 252.1 15.7 7,1ca 4.5
252.2 29.7

Test21
U,m

301.5 u.6 7,W ::;

2m.o 2.6
301.6 24.5 10,m 4.5

3,W 13xlc? 3m.2 W.o 13,400 4.5
3-99..3 5,1(XI 1.6 2%.1 9.3

::7 6,7w
16,Em 4.4

351.7 14
*9.8 6.5 8,8cu

32.2 22.1 I.l,lccl
14

5.0
3%.2 37.6 19,600 5.2

373.4 6.9 9,6al 14
349.5 7.9

403.4 23.6 12,600
I&m 14.8

5.3
4o1.o 32.9

q y30
16,Wo 5.1

5m.7 U.o 14.3 4m.3 39.8 20,m
4JM.O 48.8

5.0
24,4cQ

Test22
5.0

453.0 29.9 16,PO
449.8 49.3

5.5

lfi.O 4.8 k,coo 8.4X d
25,900 5.26

499.6 37.0 19,m 5.3
198.2 7.4 5,9
199.2 ;::

501.6 y5.1
?,m

30,6m 5.49

203.5 1% ID,m 8.1
25L7 6.7

Test25
5,8w 8.6

273.3 9.7 8,w 9.2
249.3 12.3 11,m 8.9

yl:; $.; 2.2x 1$
t%

lg.:
2.4

252.2 U,800 9.0 202.5 ZL9 2.4
W1.7 7,000 8.3 2.Q3.226.1 ?E
7X3.2 12:3

2.6
10,&m 8.6

301.2 15.6
253.0 17.1

14,zmo 9.2
732.3 19.0

2~.9 22.8 ?j% 2:;
17,gal 9.4 249.7 27.0 7>m 2.8

351.9 8.7 9,000 10.k
349.4 13.8

251.0 32.6 2.8
u,3~ 9.6

347.3 16.9
301.1 19.4 l;%

17,200 10.2
3.2

.2$9.826.9 8,m
351.1 21.3 20,703 9.7 3a3.8 34.9 l@co 2:;7
399.3 1o.4 9,403
401.0 16.0 16,700

W.o 39.6 II,6CJJ 2.92
a 351.5 22.8 6,833 3.0

.

.

.

.

. .

.
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!EmLExI-conclu&d

!rE3’!JFlmoLTsm!cmMAL-CmmmAlm Mu2ummm

$ ~J
Btu/(hr~sq ft) B’hl/(hr)tLlft)(%)

b $$
%? ‘% Ehl/(brysq f’t) Btu/(lm)7iqft)(“F)

Test 25 - CcmtW !&h 26 - Conthuad

10,400 3.27 X + 4s2.2 9.2
y: ~;;

12,1.m 13.2 X 102

if?, m 430.3 13.2 12.9
14,000 ;:$ 449.5

Z:i SE
U.7

404.1 27.3 9,400 3.4 448.7
398.6

1.2.6
17,100

434.0
3.42 YJ-7 ~.7 u, ~~ 14.4

%; ll,mo
443.2

3.5
36.6
3&

3.49 !&& 27
2%

g:; ,
3.96

23,2CQ 3.P 201.3 6.1 3,6cnl 5.9 x 102
m.2 6,cQ0 6.7

Test 26 W9.7 2:: 8,g30 7.3
2ol.y

4.1
1$; 10,600

200.2 4,ylo
7.4

Ilx lo=’ 2z.7 . 6,1XXI

199.3 6.2 6,2@3
7.3

In.o 250.3 8,603
201..O 7.8 C9,yxl 1o.7 2P.9 z:! 10,m
2m.8

;:;

9,w 1o.3 249.3
K

17.8 13,F
250-3

7,6
11.3

230.0 j%
m.T 7,m 7.2

7.5 U.3 ~.; 1;:{ U.,KD3
250.7

7.4
10.3 ll,m ID.8 1.7.2 I-2,&n
11.a

7.4
l~,om MA m:3 16,&30 7.9

z:; 5.~ 6,yoo IJ..7 372.8 E:; 8,w 7A
301.3 9.3 Il,m ILg 17.0 u, ~ 8.I.
299.5 lJ_.3

$g
?%; 17,600 8.4

W3.3 U.5 $:: 2:; 21,203 8.1
348.9 6.8 > lz!.~ ?%: ljhl 9,MO 7.s
350.5 M3.4
%9.2

2.7 401.2 1.9.8
%$%

17)WJ 8,9
13.5

348.2 IX.7
1.2.1 400.2 24.1 20,pcl 8.6

22,6CX) 13.6
4o1.7 7.9

397.3 24>m
9,W 42.3 %; 12,W ;::

$$~ $;
15,%x3 $: k5a.3 2L0 18,6a3 8.8
19,~ U9.8 23,W

z::
9.0

. . 22,700 1.2:3 448.5 28,CKKJ 8.2

u
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Fignre l.- General view of test Installations with insulation renmved’ “ “

from heating assenbly.
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L-82078
Figure 2.- Heatimg assenibl.yand radio-frequency coil.
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Figure 3.-
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(c) Coding head;

material, copper.

Figure k.- Detaila of heating and ccdling heads.
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TOP VIEW
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SECTION ‘ G-0 I

TYPE B : ONE RIVET

TOP VIEW
*-

\

TYPE C : THREE RIVETS

.

1l---a”
SEqON J-J , ++

DIMEN510N THERMOCOUPLE DETAIL

A 1.050’ TO 1.200’
-..\\\\.\\\. .\\\\\\.\\\\\\.\\\\\.\\\\*\.\.

!3 1.05SY To 1.200”

c

o .750$ TO .900’

E .04d T0 .100”

F ,Ow”l-o ,100’
COPPER CEMENT

Figure ~.- Specimen and thermocouple configurations. Di?xmter of all

thermocouple holes is 0.~6 inch (No. 56 drill). Thermocouple holes

are drilled to following depth: 518, 3/4, 15/u5, I->1~, + @

d= inches.
“2

~ ,, t

.

I 1 I 1, ‘1 ,1,11’:’ (,’, J,I, .
.
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— INTERFACE
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(a) TyTical differentially connected
thermocouples.

IRON

------ CO NSTANTAN

I

I BALANCED
THERMOCOUPLE

lPOTEtdTlOMETER
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I I i~=i::s’
I

b--— --- -—-— .- —-— —— ---— ---- JJ/tw*. fl
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(b) ~ical individual thermocouples.

F@re 6.- Thermocouple wiring diagrams.
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(a) Alumlrnnu-alumimm joint (test 5).

Figure 7.- Interl?ace conductance versus temperature drop for various mean

interface temperatures.
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aluminum foil, and aluminum joint (test 9).

Figure 7.- Continued.
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I I t I 1 I I
zoo 250 300 3s0 400 450
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(a) Aluminum-aluminum jotit with various interface roughnesses.

Figure 8.- Variation of interface conductance with mesm interface temperate.
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(b) A.luminwn-aluminura joints with various sandwich

materials between interfaces.

Figure 8.- Continued.
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(c) Riveted aluminum-sluminum joints.

Figure 8.- Contlmed.
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Figure 8.- Continued.
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(e) Stainless-steel - stainless-steel joints with various
sandwich materials between interfaces.

Figure 8.- Concluded.
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Figure 9.- Concluded.
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(a) n. 3.0; aluminum-aluminum joint (test 5).

Figure 10.- Heat flow versus
(
Tln - T2n).
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Figure 10. - Continued.
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(c) n = 2 .0; stainless-steel - stainless.

steel joint (test 23).

Figure 10.- Continued.
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Figure 10.- Concluded.
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Figure 12.- Logarithmic plot of variation in interface conductance with
. mean interface temperature.
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